The time-dependence of the wet oxidation of high-Al-content AIGaAs can be either linear, indicating reaction-rate limitation, or parabolic, indicating diffusion-limited rates. The transition from linear to parabolic time dependence can be explained by the increased rate of the formation of intermediate AszO, vs. its reduction to elemental As. A steadily increasing thickness of the As,O,-containing region at the oxidation front will shift the process from the linear to the parabolic regime. This shift from reaction-rate-limited (linear) to diffusionlimited (parabolic) time dependence is favored by increasing temperature or increasing Al mole fraction.
Rapid oxidation of AlGaAs with a high aluminum mole fraction (>85% Al) using water entrained in an inert gas such as Nz or Ar [1] is an enabling technology for high-efficiency vertical cavity surface emitting lasers (VCSELS) with wall-plug efficiencies >50% [2] . Wet oxidation has also been employed for gallium-arsenideon-insulator (GOI) metal semiconductor field effect transistors (MESFETS) [3] and metal-insulatorserniconductor field effect transistors (MISFETS) [4] . For device fabrication, a linear relationship between oxidation time and oxidized depth is highly desirable for precise control of device characteristics. However, the time-dependence of oxidation has been reported to vary between linear (reaction-rate-limited) and parabolic (diffusion limited) [5] [6] [7] [8] [9] . We present here an explanation for these observations that should permit selection of suitable reaction conditions to promote linear oxidation for more reproducible device characteristics.
The AlGaAs layers of the laterally oxidized samples were first exposed by etching a mesa stxucture Lateral oxidations were performed between 400 and 440 'C with 80 M15 "C water and a flow rate of 3.0 slm through a 4"-diam. 3-zone tube furnace. Oxidation depths were measured using scanning electron microscopy (SEM).
The Rarnan spectra presented here employed planar 2-~m-thick A10,9,Ga0,mAs layers on GaAs that were oxidized from the surface down rather than laterally from an exposed edge [10] . Ptior to wet oxidation, a 300-~GaAs cap was selectively removed using a citric acid/peroxide mix [5: 1 of (lg citric monohydrate/lg H20):30%~OJ. Samples were heated to the reaction temperature (400<T<455 'C) in dry nitrogen. The nitrogen flow (0.4 slm, 2-in. diam. tube) was then switched to bubble through 80~1 'C water. The reaction was terminated by switching to a dry nitrogen flow. Raman spectra were measured in the x(y',y'+z')x backscattering configuration (y' and z' parallel to (1 10) planes) using 514.5-nm light at <85 W/crn2.
To first order, oxidation rates are determined by the AI mole fraction in the oxidizing layer [6] . However, the time dependence of the reaction rate for samples with identical Al mole fraction has been observed to vary depending on individual processing conditions. Many workers operate in a reaction-rate-limited regime (linear time dependence) to facilitate more precise control of oxidized depth in device structures and others report diffusion-limited behavior (parabolic time dependence). Extrapolations of oxidized depth vs. time curves often fail to pass through the origin, with deviations in both directions having been reported. This complicates mechanistic interpretations. However, sufficient information is available about the temperature and composition dependence of wet oxidation rates to support the following understanding of the important dynamic characteristics that determine the time dependence.
The Deal and Grove model for oxidation [11] describes the temporal dependence of an oxidation process as the sum of a linear and a parabolic term,
where the linear term dominates when the oxidation rate is reaction-rate limited and the parabolic term dominates when the rate is diffusion limited. A range of dependence on time have been reported for wet oxidation of AIGaAs. The oxidation of the most preferred device composition of AIO,,G~,mAs is generally reported to be linear from 380 to 440 "C [6] , while the oxidation of AlAs has been reported to have a parabolic dependence from 370 to 450 "C [7] . Another study of AIAs has reported a linear time dependence at 356 "C , a parabolic dependenceat516 'C, and a mixed linear/pmabolic dependence at intermediate temperatures [8] . Yet another study of AlAs has shown linear dependence at T S 350 'C and parabolic behavior at T 2375 'C [9] .
To explain why a shift occurs between reactionrate-limited and diffusion-limited regimes, it is necessary to have an understanding of the chemical nature of the reaction. Raman spectra of partially oxidized planar AlGaAs structures (Fig. 1) 
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Images are produced from the best available original document. ' I to the ion implant, the channel thickness and doping were chosen to be similar to the ion implanted JFET. The fabrication process is outlined in Figure 1 . The W gates are patterned with conventional optical Lithography and delineated by reactive ion etching [6] . Non selective wet chemical etching with a H3P04H202:H20 solution (1:4:45) is used to define the p+ gate region. Self-aligned Si implants (dose of 2x1013 cm-2 for both 40 KeV and 80 KeV) are used to doped the source and drain regions. A rapid thermal anneal of 830 C for 20 sec is used to activate the implants. Ohmic contacts are then patterned and deposited using Ge/Au/Ni./Au and alloyed at 400 C for 15 sec. The JFETs are contacted through SiN vias and Ti/l?t/Au (not shown in Figure 1 ). This process is very similar to that used in ref 1 with the exception of the epitaxially grown channel.
1-2. Alignment Mark and
4. Source/Drain -- Figure 1 . Process sequence for self-aligned JFET fabrication.
RESULTS
The gate diode characteristics for the epitaxial JFETs are shown in Figure 2 and compared to ion implanted WETS. The reverse breakdown voltage is comparable for both JFETs, but the reverse leakage current is about 1-3 orders of magnitude lower for the epitaxial JFET. Lower reverse leakage is probably indicative of fewer defects in the epitaxial material or less broadening of the pn junction. The forward gate turn-on voltage (defined as the voltage at 1 pA/pm) is higher for the epitaxial JFET by about 0.1 V. Although this difference is small it can be significant in allowing for more current drive for the epitaxial JFET. The gate access resistance is lower for the epitaxial JFET, which is why the currents cross at higher gate voltages.
The drain I-V characteristicsfor both JFETs are shown in Figures 3 and 4 for 1.0 x 100~m gate dimensions. The epitaxial JFET is not an optimized structure as its threshold voltage is higher than generally desired. Higher channel doping or a thicker channel can be used to adjust the threshold voltage to the desired value. To facilitate comparison, an implanted JFET with similar threshold voltage and drain current at the onset of gate current was chosen. Figure 3 are approximately comparable for gate voltages 0.25 V apart. However, the epitaxkd JFET has lower knee voltages. Likewise, the drain current and transconductance plots of Figure 4 will overlap near threshold if offset by 0.25 V. At higher gate bias, the transconductance of the implanted JFET saturates at about 220 mS/rnm, while that of the epitaxial .JFETcontinues to rise.
The carbon doping in the p+ region of the epitaxial WET provides an abrupt p-n junction in contrast to the Zn-doped region of the implanted JFET. SIMS data for the implanted JFET shows that the Zn concentration drops from a level of approximately 2 x 1017 cm-3 at the p-n junction to 1 x 1016 cm-3 over a distance of 700~ [4] . This residual Zn in the JFET channel no doubt plays a role in limiting the current and the transconductance under high gate bias conditions where the depletion region of the JFET becomes small. A summary of all of the DC parameters is given in One issue with the C-doped p+ region is its stability during the 830 C activation Two effects may be relevant for these types of samples. The first is that hydrogen .. can be bonded to the c~bon inactivating it as ar-acceptor. -A high temperature anneal can break the C-H bonds leading to greater activation and a lower sheet resistance of the p+ layer; this should not be detrimental to the JFETs. A second effect is that the carbon atoms may precipitate within the GaAs leading to lower free acceptor levels and higher sheet resistance. This effect would be detrimental to the J_FETsas a lower surface acceptor level can result in a rectifying contact with the W gate electrode. In previous work this effect has been shown to lower the gate turn-on voltage of the JFET [2] . In order to examine the effect of high temperature anneals, a 1000~layer doped to 2x1019 cm-3 by MOCVD was annealed at various temperatures and the results are shown in Table 2 . All anneals up to 800 C result in a reduction in sheet resistance compared to the as-grown values. This observation is consistent with the fact that high gate turn-on voltage was observed in the epitaxial JFETs.
CONCLUSION
Self-aligned epitaxkd JFETs with a carbon-doped p+region have been fabricated for the first time and compared to ion-implanted JFETs. Enhancement-mode epitaxial JFETs have a greater gate-turn-on voltage, lower reverse gate leakage, and a smaller knee voltage compared to the ion implanted JFETs. These results show promise for digital and microwave applications. 
